Abstract. In order to reduce the amount of CO 2 emitted to the atmosphere, injection of CO 2 into underground is considered one of the useful approaches. Existing data of CO 2 solubility in water suggests that hotter and deeper rock masses may also be candidates for CO 2 underground sequestration due to enhanced CO 2 solubility under high pressures even at high temperatures. To understand the initial reaction of several rocks in a CO 2 -saturated hydrothermal system, experiments were conducted using a batch-type over a range of 100-350 o C up to 250 bars and numerical computations of phase equilibria based on the experimental results were carried out. The rocks used in our study were granite, sandstone and calc-silicate rock. Solution chemistry and examination of the rocks' surface texture showed that, in the CO 2 -saturated system, the release of alkali metals and alkaline-earth metals and the deposition of secondary minerals were promoted. According to EDX analysis and numerical phase equilibrium calculations, the secondary minerals formed might be diaspore, kaolinite, clay minerals, Ca-alminosilicates and calcite. However, there was no clear evidence for the calcite formation. It is implied that the precipitation rate of calcite is relatively slow and the formation of Caalminosilicates occur much easily than calcite even if solution is supersaturated with respect to calcite.
INTRODUCTION
The underground sequestration of carbon dioxide is considered to be a useful method of reducing the amount of CO 2 emitted to the atmosphere (e.g. [1] [2]). Injecting CO 2 into oil (hydrocarbon) reservoirs is a recognized technology for enhancing oil production and CO 2 injection into depleted oil and/or natural gas reservoirs is already underway to reduce CO 2 emission to the atmosphere (e.g. [3] ). The formations containing these reservoirs have temperatures of 20-80°C. However, according to the existing data for the solubility of CO 2 in water, there is a range of temperatures and pressures at which the solubility of CO 2 in water is high (or not so low) even above 100°C, for example, at pressures > 100 bars at 250°C, > 150 bars at 300°C, and > 250 bars at 350°C. This suggests that deeper, high temperature rock masses may prove to be suitable for underground CO 2 injection, in spite of their high temperatures, because of the enhanced solubility of CO 2 at high pressures. To understand potential underground CO 2 disposal into high temperature (at least 100°C) rock masses, it is necessary to investigate the interaction of potential host rocks, water and CO 2 at elevated temperature.
We have applied an experimental approach to understanding the reactions that take place upon the injection of CO 2 -rich fluid into high temperature (>100°C) rock systems, using several rocks [4] - [8] . In our studies, we have investigated how rocks are affected by addition of CO 2 over a temperature range of 100-350°C.
EXPERIMENTAL METHOD
For the experiments, granite, sandstone and calcsilicate rock were used. The whole rock chemical composition and the modal mineralogy of the rocks used in the experiments are given in Table 1 . The granite is composed of quartz, plagioclase, K-feldspar, biotite and other subordinate minerals [4] . The sandstone is composed of altered volcanic rock fragment (mainly plagioclase), granitic rock fragments and a fine matrix of clinoptilolite [5] . The calc-silicate rock is a skarn, and mainly composed of scapolite and plagioclase, with accessory vesuvianite, garnet, epidote, sphene, and wollastonite [8] .
The rocks were crushed to produce chips 4-6 mm across, and 16 pieces were used in each 6-hr and 24-hr (1-day) experiment [4, 7, 8] . The rock for the 168-hr (1- week) experiment was a block of 20 x 20 x 10 mm [5] [6] [7] . Starting materials for the series of experiments consisted of the rock sample, distilled water (16 ml) and dry ice (3.6 g) as the CO 2 supply.
A valve-type batch autoclave with a liner and cone made of hastelloy-C has been used for the experiment. Using an induction heating system, the autoclave was heated to a pre-determined temperature and kept at that temperature throughout the run. During that time it was being agitated by a rocking motion. Experimental temperatures were 100, 200, 300 and 350°C. Experimental pressures were measured in pretests by Suto et al. [7] . The measured pressure in CO 2 -free system was simply the saturated vapor pressure of water. The measure pressure in CO 2 -saturated system was 66 bars at 100 o C, 80 bars at 200 o C, 165 bars at 300 o C and 245 bars at 350 o C. After each reaction the autoclave was cooled to room temperature and the residual gas was extracted gradually through a valve attached to the autoclave until the inside pressure reached atmospheric. The autoclave was then opened, and the rock material and the reacted solution were separated. The pH of the reacted solution was immediately measured at room temperature under atmospheric conditions. The concentrations of the major cations were determined using ICP atomic emission spectrometry. The reacted granite specimen was dried and surface textures examined using an SEM equipped with EDX. 
SOLUTION CHEMISTRY
The concentration of dissolved species for each element in the reacted solution, determined by ICP-AES, is shown in Fig. 1 , which is drawn using the data from [4] - [8] . Suto et al. [4] [5] [6] [7] showed that the presence of CO 2 promoted dissolution of the granite and the sandstone, especially alkali metals and alkaline-earth metals ( Fig. 1(a)(b) ). In the CO 2 -bearing system the release of Ca and Na by the dissolution of plagioclase in the granite or sandstone was significantly promoted at lower temperature (100 and 200 o C) but decreased at higher temperature (300 and 350 o C) while the overall granite or sandstone dissolution at higher temperature proceeded faster than at lower temperature. They considered that it could be due to the decreasing CO 2 -acidity of the solution and the increasing stability of albite and anorthite at higher temperatures. Suto et al.
[8] also observed similar results for the calc-silicate rock ( Fig. 1(c) ). With the promotion of overall calcsilicate rock dissolution at higher temperature, the release of Si and Al into the solution increased. In contrast, the release of Ca decreased with increasing temperature.
Comparing the fluid from the granite 1-week run, the granite 1-day run, the sandstone 1-week run and the calc-silicate rock 1-day run, the release of Ca from the calc-silicate rock was significantly faster than that of the granite or the sandstone as would be expected based on whole-rock chemistry. This suggests that the solution from the calc-silicate rock might contain sufficient Ca for the formation of calcite in earlier stage. While the concentration of Al in solution for the granite or the sandstone was very low, that for the calc-silicate rock was extremely high, at equivalent levels of Ca.
SURFACE OBSERVATION
To determine which alteration minerals were produced in CO 2 -saturated systems, the textures of the rocks surface after the reactions were examined. Fig. 2 shows SEM photographs of secondary minerals on the rock surfaces after the hydrothermal reactions [7, 8] .
In the presence of CO 2 , many small platy secondary minerals were observed by Suto et al. [5] [6] [7] on the granite surfaces reacted at 200 and 300 o C after 1 day and 1 week, as shown in Fig. 2(a) . Also on the calc-silicate rock surfaces reacted at 200 and 300 o C, similar small platy deposits were observed by Suto et al. [8] after 1 day, as shown in Fig. 2(b) . These secondary minerals were deposited on the pitted plagioclase surface in the granite and on the scapolite/plagioclase in the calc-silicate rock. For the sandstone, according to Suto et al. [5] and Liu et al. [6] , main secondary minerals in both systems were some flake-like deposits as shown in Fig. 2(c) and fine radiating crystals Fig. 2(d) . The flake-like deposits were formed on rock fragments at 200 and 300 o C, while the radiating crystals were formed on boundary between rock fragment and matrix at 300 and 350 o C. EDX analyses of the deposits showed the following (although elements under the deposit might also have been detected); Si: 38.6, Al: 47.5, Ca: 3.21, Na: 10.7 mol.%, on the granite at 200°C (Fig. 2(a) ) [7] ; Si: 24.3, Al: 70.5, Ca: 5.18 mol.%, on the calc-silicate rock at 200°C (Fig. 2(b) ) [8] ; Si: 67.5, Al: 16.7, Ca: 5.68, Na: 2.84, Mg: 4.67, Fe: 2.67 mol.%, on the sandstone at 200°C (Fig. 2(c) (Fig. 2(d) ). EDX analysis indicated several elements in the secondary minerals on the original surface, however, we could not clearly identify crystalline minerals. 
DISCUSSIONS
On the basis of the experimental results, numerical computations of phase equilibria were carried out by Suto et al. [7, 8] using the geochemical simulator SOLVEQ developed by Reed et al. [9, 10] . In the calculations, the amount of CO 2 degassed from the solution at room temperature and atmospheric pressure was taken into account when calculating the in-situ pH and the activities of aqueous species. With SOLVEQ, 
the saturation indices for minerals were calculated. Saturation index is expressed as log Q/K, where Q is the ion activity product and K is the equilibrium constant. Table 2 shows the calculated saturation index  for representative minerals under 200 o C and 80 bars. Suto et al. [7, 8] and Table 2 show that carbonates such as calcite and siderite were supersaturated at 200 and 300°C. Thus, calcite is a possible candidate as a secondary mineral in all the three rock systems. Suto et al. [7, 8] suggested that for the granite/water/CO 2 system, chlorite, kaolinite, and clay minerals are also potential candidates for secondary minerals. For the calc-silicate rock/water/CO 2 system, chlorite, diaspore, kaolinite, and Ca-alminosilicates are also candidates for secondary minerals. Table 2 shows that for the sandstone/water/CO 2 system candidates for secondary minerals are same as for the granite. Combining evidence from the SEM examination, the results of the EDX analysis, the experimental T-P condition and the phase equilibrium calculations, the secondary minerals observed by SEM were considered to be kaolinite, muscovite, smectite and calcite for the granite [7] , and clinozoisite, kaolinite, diaspore and calcite for the calc-silicate rock [8] , in the CO 2 -saturated hydrothermal system. For the sandstone, they are considered to be same as for the granite. However, there was no clear evidence of the formation of these particular minerals in SEM observations and EDX analysis. To obtain the extremely surface chemical composition of precipitates, Suto et al. [8] applied XPS to the secondary minerals, formed at 200°C, on the scapolite/plagioclase in the calc-silicate rock (Fig.  2(b) ). XPS analysis of the precipitates showed Si: 8.34, Al: 91.7 mol.% without Ca, which indicates alminosilicate minerals were formed instead of carbonates such as calcite. Secondary minerals shown in Fig. 2(b) might be diaspore and kaolinite.
Based on our experimental results and numerical calculation [4] [5] [6] [7] [8] , Suto et al. [8] concluded that the following seem to occur in rock/water/CO 2 system; even if the solution is supersaturated with respect to calcite, formation of calcite does not occur in relatively short time. Alminosilicates and other Caalminosilicates deposit earlier than calcite. The precipitation rate of calcite seems to be relatively low under our experimental condition, and for this reason, calcite is not observed as secondary mineral.
CONCLUSIONS
In CO 2 -saturated systems, the acidity of H 2 CO 3 accelerated and promoted the release to the solution of Ca and Na from the rocks and simultaneously the deposition of secondary minerals was encouraged, especialy at 200 o C. Analyses and simulations suggest that these secondary minerals are diaspore, kaolinite, clay minerals, Ca-alminosilicates and possibly, calcite. However, no direct evidence for the formation of calcite or other carbonates has been obtained. It is implied that precipitation rate of calcite is relatively slow and formation of calcite does not occur easily even if solution is supersaturated with respect to calcite.
